New analogues of the minor groove binding ligand Hoechst 33342 have been investigated in an attempt to improve radioprotective activity. The synthesis, DNA binding, and in vitro radioprotective properties of methylproamine, the most potent derivative, are reported. Experiments with V79 cells have shown that methylproamine is ϳ100-fold more potent than the classical aminothiol radioprotector WR1065. The crystal structures of methylproamine and proamine complexes with the dodecamer d(CGC-GAATTCGCG) 2 confirm that the new analogues also are minor groove binders. It is proposed that the DNA-bound methylproamine ligand acts as a reducing agent by an electron transfer mechanism, repairing transient radiation-induced oxidizing species on DNA.
INTRODUCTION
In the early 1970s, the Hoechst company synthesized a wide range of bibenzimidazoles in a program aimed at the development of improved antihelmintics (1) . As outlined in a recent review (2) , it soon was established that these compounds also could be used as fluorescent DNA stains in a variety of cytologic techniques, with principal attention focused on the two analogues Hoechst 33342 and Hoechst 33258 (Fig. 1 ). X-ray crystallography (3, 4) studies of complexes with synthetic oligonucleotides confirmed early evidence from DNA binding studies that the ligands are minor groove binders with strong AT selectivity (5) . The unexpected radioprotective activity of Hoechst 33342 in cultured cells was first reported in 1984 (6) , subsequently confirmed (7, 8) , and extended with the demonstration of in vivo radioprotection of mouse lung after i.v. administration (9) . The potential use of radioprotectors in cancer radiotherapy prompted us to investigate the mechanism of the radioprotective activity of Hoechst 33342 and led to the hypothesis that electron donation from the ligand to damaged DNA contributed to the radioprotective effect (2) . Accordingly, we synthesized the bibenzimidazole analogue in which the ethoxy substituent of Hoechst 33342 was replaced with the more powerful electron-donating N,N-dimethylamino group. This compound (proamine) provided greater radioprotection to cultured cells than Hoechst 33342 (9) . We now report the synthesis and evaluation of methylproamine (Fig. 1) , a new derivative that displays additional improvement in radioprotection.
As well as carrying out DNA drug-binding studies and in vitro radioprotection experiments, we have determined the crystal structures of proamine and methylproamine complexed to the selfcomplementary dodecamer d(CGCGAATTCGCG) 2 .
MATERIALS AND METHODS
Synthesis and DNA Binding. Methylproamine was synthesized according to the general procedures described previously (10, 11) . The details are available as supplementary data.
DNA binding parameters (K d , dissociation constant; N, number of binding sites) of the ligands were determined by exploiting the difference in fluorescence intensity between the free and DNA-bound forms, and nonlinear regression analysis of the measured fluorescence intensities as a function of DNA and ligand concentrations. The DNA used was a 20-mer oligodeoxynucleotide denoted HBC1: 5Ј-CAGCACGGAATTCGCAGGAC-3Ј and 3Ј-GTCGTGC-CTTAAGCGTCCTG-5Ј.
The concentration of stock solutions of the ligands was determined spectrophotometrically in the solvent comprising 0.1% trifluoroacetic acid in 45% methanol in water (v/v). The extinction coefficients (M Ϫ1 cm Ϫ1 ) for methylproamine, proamine, and Hoechst 33342 were 39,300 (389 nm), 54,000 (400 nm), and 40,300 (349 nm), respectively. X-ray Crystallography. The two crystal structures were determined using standard macromolecular crystallographic techniques. Important crystal data are given in Table 1. Full details of the crystallography are available as  supplementary data, including the crystallization conditions (Supplementary  Table SD1 ), a complete summary of data collection and refinement (Supplementary Table SD2 ), and the inter-ring torsion angles (Supplementary Table  SD3 ). Atomic coordinates and structure factors have been deposited in the Nucleic Acid Database 5 with identity codes DD0060 (proamine) and DD0059 (methylproamine).
In Vitro Radioprotection Experiments
Drug Solutions. The purity of proamine and methylproamine was confirmed by high-performance liquid chromatography before use. Hoechst 33258 and 33342 were obtained pure from Sigma-Aldrich (St. Louis, MO). Stock solutions were prepared in 10 mM acetic acid in 50% methanol (v/v), and concentrations were determined spectroscopically using the extinction coefficients (determined in-house) given in the DNA-binding section. Aliquots of each stock solution were dispensed into 1.5-ml Eppendorf tubes, lyophilized, and stored as dried pellets.
Cell Cultures. V79 hamster fibroblasts were passaged as monolayers in ␣-MEM with 10% FCS. Cells for survival experiments were set up in 25-ml flasks so that they were in log-phase growth with a target density of 2 ϫ 10 6 cells per flask at the time of drug treatment and irradiation. The lyophilized drug pellets were dissolved in 10 mM acetic acid in 50% methanol (v/v), diluted into medium, and added to the cultures. Because drug uptake depends on cell density as well as nominal drug concentration, the volume of the medium was adjusted to 5 ml/2 ϫ 10 6 cells based on cell counts from replicate flasks. The concentration of the drug stocks was such that the final concentration of methanol did not exceed 0.5%. No-drug controls treated with the appropriate amounts of the vehicle were included in some experiments, but separate studies demonstrated that such inclusion had no effect on viability or radiosensitivity.
Irradiation and Assay of Clonogenic Survival. Drug-treated cultures and the appropriate controls were maintained at 37°C for 2 h and transferred to polystyrene boxes just before irradiation ( 137 Cs-GammaCell 40 irradiator; Nordion International, Inc., Kanata, Canada; dose rate of 0.68 Gy/min). During the longest irradiation time (ϳ20 min), the temperature decreased to 33°C. Immediately after irradiation, the cultures were returned to the 37°C incubator for an additional period; therefore, the total duration of drug exposure was 3 h. They then were plated out for clonogenic survival by standard methods. Clonogenic survival was calculated relative to that for nonirradiated drugtreated cultures. The drug-only survival was Ͼ85%; the detailed results for the effect of drug concentration on survival are available as supplementary data ( Supplementary Fig. SD3 ).
RESULTS AND DISCUSSION
DNA Binding. The bibenzimidazole ligands (exemplified by Hoechst 33258) have been shown by affinity cleavage (12) , foot printing (13) and X-ray crystallographic studies (8) to bind at discrete sites in the minor groove characterized by 3-4 consecutive AT bp. Equilibrium binding studies have established that the dissociation constants (K d ) for the high affinity sites generally range from 1-100 nM, depending on conditions. For example, ionic strength has a significant effect on the binding affinity of substituted Hoechst derivatives because the ligands are positively charged (14) . Accordingly, the results of the present study (Table 2 ) are compared with data from previous studies that involved the use of buffers and NaCl salt solutions at ϳ0.1 M.
The inclusion of alcohol in the buffer system obviates problems with adsorption of the ligands to glassware, but it also has an impact on binding affinity to DNA, as illustrated by the data in Table 2 . For example, addition of ethanol to 25% increases K d by a factor of ϳ70 (Table 2 , rows 7 and 8), and increasing it from 10% to 20% approximately doubles the K d (rows 3 and 4) . Although the K d in the last two entries of Table 2 is higher than may be expected from the other data, one can reasonably conclude that the affinities of these two ligands are similar. More generally, considering the effects of alcohol, the data in Table 2 indicate that the DNA binding affinities of proamine, methylproamine, Hoechst 33258, and Hoechst 33342 are of a similar order of magnitude (e.g., in the range of 40 -200 nM in 10% ethanol).
One notable and unexpected feature of the binding data for proamine compared with methylproamine is the binding site size. Because the HBC1 20-mer only has a single binding site, one would expect the value of N to be 0.05 bp Ϫ1 . The observed value for proamine is 0.098, whereas that for methylproamine is much closer to the expected value of 0.05. One possible interpretation for this difference is that the 20-mer associates with two proamine molecules but only one methylproamine. It may be that in solution two proamine molecules can be accommodated side by side in the minor groove, as has been found recently in crystal structures of, for example, distamycin/d(G-TATATAC) 2 , but there is no other evidence to support this speculation (15) . In the case of methylproamine, the ortho-methyl group may prevent such a side-by-side dimer conformation.
X-ray Crystallography
DNA Structure and Ligand-Binding Sites. The DNA in both structures adopts a B-type conformation and packs within the crystal in an analogous pattern to the native DNA and other dodecamer/ ligand complexes that crystallize in the same P2 1 2 1 2 1 space group. The binding sites of proamine and methylproamine are similar and cover ϳ5 bp over the 5Ј-AATTC sequence. The methyl group projects out of the groove. The piperazine ring systems are located at the C9 end of the binding site where the minor groove widens. The structure of the methylproamine complex is shown in Fig. 2 Ligand Conformation. Proamine and methylproamine have almost identical binding sites, hydrogen bonding interactions, and van der Waals contacts. The ligand NH donors form bifurcated hydrogen bonds to acceptor atoms on the floor of the groove. Despite the similar ligand-binding sites in the proamine and methylproamine complexes, the inter-ring torsion angles of the ligands are different. In the proamine ligand, the torsion angle between the central benzimidazoles is 24°a nd that between the benzimidazole and phenyl ring is 17°. In the methylproamine complex, the corresponding angles are 8°and 20°. Nevertheless, whereas the individual torsion angles differ significantly among these and similar complexes, the sums of the angles in each complex are confined to a relatively narrow range because of the requirement that the whole ligand must fit the groove in an isohelical manner (3, 4) . The individual proamine/methylproamine inter-ring torsion angles will be influenced to varying extents by the bulk of the NMe 2 group, partial charge delocalization between phenyl and the NMe 2 substituent, and the binding site location imposed by the NMe 2 substituent. The presence of the ortho-methyl group of methylproamine increases the phenyl-benzimidazole ring torsion angle to minimize any phenyl-benzimidazole steric clashes with the walls of the minor groove, which influences the relative orientation of the two benzimidazoles. The significantly smaller torsion value for the methylproamine benzimidazole-benzimidazole linkage also may indicate an increase in electron density within the benzimidazole moieties caused by electron donating from the ortho-methyl group. The impact of the ortho-methyl group of methylproamine on the phenyl-benzimidazole torsion angle was evaluated by a conformational search using the SYBYL molecular modeling program (Tripos Associates, St. Louis, MO) and the AMBER force field (UCSF Kollman Group, San Francisco, CA). The results are available as supplementary data (Supplementary Fig. SD1 ). The analysis shows that the ortho-methyl group severely restricts rotation of the phenyl ring because of intramolecular and intermolecular effects but interestingly indicates that there is a narrow window of torsion angles at ϳ205°, in which the methyl group of methylproamine could be accommodated inside the minor groove.
Radioprotection by Methylproamine in Vitro. The well-established radiosensitization by electron-affinic nitroimidazoles, as well as the fact that one of the early mechanisms proposed for sensitization by nitroimidazoles was suppression of recombination of electrons and holes in irradiated DNA, provided the initial basis for the hypothesis that electron donation might contribute to radioprotection by Hoechst 33342 (16) . This lead us to synthesize the bibenzimidazole analogue, in which the ethoxy group of Hoechst 33342 was replaced with the more strongly electron-donating N,N-dimethylamino group. This compound (proamine) proved to be a more active radioprotector of cultured cells than Hoechst 33342 (9) . The same assay system was used to investigate methylproamine, and the survival curves for V79 cells show that there is an additional marked improvement in radioprotective activity (Fig. 3) . The drug is present before (for 2 h), during, and after irradiation. Separate experiments established that there is no radioprotective effect from drug exposure only after irradiation (data not shown). From the data in Fig. 3 , methylproamine at a concentration of only 30 M confers a dose-modifying factor of 2.1 at the 10% survival level. (The dose-modifying factor is defined as the ratio of radiation doses in the protected and control situations that yield the same cell kill.)
The potency of methylproamine compared with other radioprotectors also is evident from the data summarized in Table 3 .
In a cell culture experiment with Chinese hamster ovary cells, comparable with the methylproamine experiments described here, a dose-modifying factor of 1.9 was reported for 4 mM WR1065 (17) . A more recent article reported a dose-modifying factor of 1.5 for radioprotection of V79 cells by 4 mM WR1065 (18) . Thus, methylproamine is at least 100 times more potent than WR1065 (the active metabolite of WR2721) for the V79 cell line.
The data in Table 3 also demonstrate the improved radioprotective potency of methylproamine compared with other bibenzimidazoles, Fig. 3 . Survival curves for cultured V79 cells. The cells were treated with the indicated concentrations of the radioprotectors for 2 h before and during irradiation, for a total of 3 h. Clonogenic survival was calculated relative to the corresponding drug-only control. The dose-modification factors (DMF) were calculated from the radiation doses corresponding to 10% survival. and this difference additionally is emphasized in the results of studies of the effect of drug concentration on the clonogenic survival of cells exposed to 12 Gy irradiation and unirradiated controls (Supplementary Fig. SD3 ). However, those results also reveal a relatively low concentration window between radioprotective activity and cytotoxicity for methylproamine and Hoechst 33342, although proamine would appear to be less cytotoxic, at least for V79 cells.
The underlying hypothesis connecting radioprotection with electron donation was investigated by synthesis and evaluation of the paranitro analogue ( Fig. 1; R 3 ϭ NO 2 ) in the cell culture system. Inclusion of the nitro compound at a concentration of 20 M in cultures irradiated at 12 Gy reduced survival twofold compared with the radiation-only control (data not shown). In other words, this nitrobibenzimidazole is in fact a radiosensitizer. Thus, the structure-activity relationship for in vitro radioprotection in the series of ligands with different para-substituents is
This establishes the trend of increasing radioprotection with increasing electron richness in the phenyl ring of the ligand, which is consistent with the hypothesis that at least a component of the radioprotection is caused by electron donation (reduction) from the DNAbound ligand to the transient radiation-induced oxidizing species on DNA. The results of pulse radiolysis experiments with methylproamine and Hoechst 33342 add additional support to this hypothesis, with evidence for intramolecular oxidation of DNA-bound ligands (19) . The addition of the ortho-methyl group to proamine to form methylproamine may simply be an extension of the structure-activity series indicated previously, or there could be different reasons for the improved radioprotective activity of methylproamine over proamine, perhaps stemming from the restriction of the rotation around the benzimidazole-phenyl linkage. The potency of methylproamine and proamine radioprotection is remarkable. It has been established clearly from studies with amino thiols that radioprotective efficacy is better for positively charged analogues (20) , and this can be attributed to enhanced DNA association, particularly to the regions of high electronegativity (21) . However, it is not clear whether the potency of methylproamine (and bibenzimidazoles generally) is simply because of overt targeting to DNA or because of more subtle differences in the radioprotective mechanism.
Regardless of mechanistic considerations, it is clear that methylproamine has a potential use as a radioprotector in cancer radiotherapy. There are a number of situations in which normal tissues in the vicinity of a tumor are either dose limiting or subject to troublesome acute reactions. In many of these cases, the normal tissue at risk (e.g., rectal mucosa, oral mucosa, or skin) would be accessible to topical application of a radioprotector, with the prospect of limiting systemic delivery by formulation design. However, previous attempts to protect skin (e.g., by topical application of WR2721) have been unsuccessful, the failure attributed to poor penetration through the stratum corneum (22) . In this context, the high potency of methylproamine could confer considerable advantages over existing radioprotectors because much lower concentrations are required for it to achieve the desired level of radioprotection.
